A three-dimensional numerical model is developed here to predict the edge wave behavior of hot rolled steel during run out table cooling based on a finite element (FE) method. The edge wave of the hot rolled steel is reproduced successfully using the FE simulation considering proper thermo-mechanical boundary conditions. The simulation results demonstrate that the edge wave could be caused by the strain gradient due to the temperature difference between the edge and center regions. The maximum amplitude of the edge wave is used as a parameter of the degree of edge wave for quantitative comparison. The effect of the edge mask width and the checkers on the edge wave is examined through a series of process simulations. The measured temperatures agree fairly well with the predicted data.
Introduction
The steel strip is cooled on the run out table (ROT) after hot rolling as shown in Fig. 1 , which generally causes nonuniform distributions of temperature, deformation, and phase fraction on the plate. These could lead to non-uniform stress and strain distributions in the final product, the level of which is often severe enough to produce various shape problems such as edge wave, gutter, and curl. Thus, many mill researchers have been keenly interested in the modeling of the thermal, mechanical, and metallurgical behavior of the plate on the ROT. [1] [2] [3] [4] The precise modeling, however, is a too difficult task due to the complicated interactions between the various physical variables, which occur simultaneously, and the three dimensional nature of the problem. Most of the early-developed models focused either on the local heat transfer characteristics associated with laminar cooling, or on approximately assessing the phase evolution. 2, 3) Recently, some researchers have begun to recognize the importance of the rigorous modeling of the interaction between the thermal, metallurgical, and mechanical behaviors of the material. [5] [6] [7] [8] [9] [10] Han et al. developed a two-dimensional numerical model considering the deformation, temperature, and phase transformation behavior in both the thickness and width direction of a strip on the ROT. 6) A constitutive model for the transformation induced plastic deformation of steel was adopted in the finite element (FE) model. The FE-based, integrated process model was extended into a three-dimensional form by Sun et al., 7) and the developed model was used to analyze the effect of strip material and cooling pattern on the ROT. Koo et al. developed an approximate model for on-line prediction based on the integrated FE model. 8) They also demonstrated that the proposed model could serve as an effective tool for optimizing the diverse process parameters associated with cooling on ROT. Wang et al. proposed an FE model for residual stress prediction in hot rolled strip during ROT cooling. 10) They showed that the strip shape compensation control strategy of slight center rolling has a very good effect in improving the flatness quality of the plate. However, despite the developed various rigorous models, relatively little attention has been paid to a method for predicting the edge wave developed in the hot rolled steel.
We present a three-dimensional FE model to predict the edge wave behavior considering the deformation, temperature, and phase transformation behavior of the steel strip. The proper thermo-mechanical boundary conditions are implemented into the FE mesh system, and the edge wave © 2014 ISIJ of the steel strip is successfully reproduced. The temperature and plastic strain differences between the edge and center regions are confirmed based on the FE model, and the degree of edge wave is quantified as the maximum amplitude of the wave. The effect of the edge mask width and the checkers on the edge wave is examined through a series of process simulations. To confirm the validity of the developed model, the computed temperature is compared with the measured data.
Model Development

Heat Transfer Model
The governing equation for heat transfer occurring in the plate during phase transformation is represented as follows: where ρ, CP, K, and T are the density, heat capacity per unit mass, thermal conductivity, and temperature, respectively. ΔH and are the heat evolution due to the phase transformation and transformation rate, respectively. The subscripts f, p, and b refer to the phase transformation from austenite to ferrite, pearlite, and bainite, respectively. Here, CP and ΔH are obtained from thermodynamic analysis. ρ and K are determined as a function of temperature and the chemical composition of the steel as presented.
11) The quantity of is computed from the phase transformation kinetics, which will be represented in detail in the following section.
Phase Transformation Model
The transformation kinetics of the decomposition of austenite could be characterized using a Johnson-Mehl where X is the transformed phase fraction, and t is the total time for the transformation at a given temperature. n is the time exponent and k is the parameter, depending on the temperature and transformation mechanism.
For extension of Eq. (2) into a non-isothermal process, the concept of the additivity rule could be introduced under the assumption that the cooling curve can be divided into small time intervals within which the kinetics parameters in Eq. (2) are constant.
11) Thus, n and k could be determined using an inverse additivity technique, and theirs values for the medium carbon steel (0.2 wt.%C-0.018 wt.%Si-0.27 wt.%Mn) are listed in Table 1 using the proposed equation. 12 ) Figure 2 shows the measured and calculated phase transformation behavior of the medium carbon steel under various cooling conditions. The transformation behavior is measured using a dilatometer (RB401 Dilpats-IH, R&B), and the calculated results are in good agreement with the experimental data.
Constitutive Equations
The , and dε p are the volumetric strain increment due to the phase transformation and temperature change, the transformation plasticity strain increment associated with the diffusion-controlled and diffusion-less phase transformations, 13, 14) and the plastic strain increment, 15) respectively. These strain increments are obtained from the above mentioned-reported equations, and consequently, the stress increment becomes:
The temperature dependent isotropic elastic modulus was used to obtain the elastic stiffness of medium carbon steel, as listed in Table 2. 16) The Poisson's ratio of the steel was assumed to be 0.3 over the entire temperature range.
FE Analysis
Process Conditions
FE analysis is performed based on the real process conditions on the ROT. The ROT zone consists of three sections: FDT-first bank, first bank-last bank, and last bank-CT, as shown in Fig. 3 . The lengths of these sections are 10.5 m, Table 1 . The values of k and n from JMAK equation for various phase transformations.
ln(k) n
Austenite to ferrite 0.88
Austenite to pearlite 1.50
Austenite to bainite 1.50 
.5 m, and 8.6 m, respectively. The initial and finish temperatures of the plate are 885°C and 610°C, which are measured at the FDT and CT, respectively. The strip velocity is 7.18 m/s. The length, width, and thickness of the strip segment to be computed are 3 m (~ 4 times of magnitude of the measured edge wave length), 1 m, and 3 mm, respectively, as shown in Fig. 4 , for computation efficiency. The x-axis represents a rolling direction.
Boundary Conditions
The cooling of the hot rolled plate on the ROT is a relatively complicated process of heat transfer. The surface of the plate, which is subjected to various thermal boundary conditions, may be regarded as consisting of a top and bottom surface exposed to cooling water and air and a top surface exposed to wetting after water cooling. The thermal boundary conditions may be described as follows: (9) where n is the normal direction of the plate's surface. h Water, top and h Water, bottom are the heat transfer coefficients of water cooling at the top and bottom surface, respectively. h Wet is the heat transfer coefficient at the top surface on the wetting zone after water cooling, and the length of the wetting zone is the same as that of water cooling zone. h Air is the convective heat transfer coefficient of air cooling. These zones are shown well in Fig. 3 . σ, ε, and T o are the StefanBoltzmann constants, emissivity, and room temperature (RT), respectively. The heat transfer coefficients are summarized in Table 3 using the proposed equations. 6) α and U are the edge mask factor and strip velocity, respectively. The edge mask factor is applied to both sides, which are 80 mm wide and the α is linearly interpolated within the width. α can be obtained by comparing the computed and measured data, and the optimized value will be presented in the following section. Figure 5 shows the variations of heat transfer coefficients on the top surface during water cooling (solid line) and wetting (dash line) with temperature. While the heat transfer coefficient during water cooling increases with increasing temperature, the heat transfer coefficient Mechanical boundary conditions should also be defined during the cooling of the plate on the ROT. The x-and z-axes displacement constraint is applied to both ends of the plate, and rigid body contact is also applied to one of these ends along the x-axis since the end is connected to the entire strip.
Model Description
Thermo-mechanical simulation of the cooling process on the ROT for medium carbon steel is performed using the FE analysis code, ABAQUS 6.10-1 (SIMULIA, USA) based on the governing equations and the boundary conditions as mentioned above. Before the simulation of the entire cooling process, in order to include the possibility of the simulation to follow an edge wave deformation, an imperfection in the form of the buckling mode is introduced using a linear buckling analysis. The calculation is then continued during the entire cooling process on the ROT by sequentially executing the above-mentioned models. The phase fraction of each phase is calculated from the phase transformation model, followed by calculation of the thermal properties and the density of each phase. The heat transfer analysis is then conducted. When convergence is achieved regarding temperature as well as phase fraction, deformation analysis is performed, reflecting the changes in both temperature and strain. Figure 4 shows a total of 10 000 hexahedral elements. The design and number of elements are determined considering both the efficiency and accuracy of the computation. Additionally, the effect of the checker (as shown in Fig. 6(a) ) on the edge wave is analyzed using the simple geometry of the checker as shown in Fig. 6(b) . Since the checkers cause excessive wetting, different periodic heat transfer coefficients are also applied to the checker and non-checker regions of the plate during the water cooling and wetting processes.
Results and Discussion
The cooling process on the ROT is simulated with the model equations and numerical algorithms presented in the previous sections. The computed temperature distributions on the plate and cross section perpendicular to the rolling direction (x axis) at the coiling temperature (CT, 610°C) are shown in Figs. 7(a) and 7(b), respectively. The temperature on both sides of the plate is higher than that on the other regions due to the edge mask effect. Figure 7(a) shows the deformed shape of the plate with the edge wave. This figure illustrates that the edge wave behavior of the plate during cooling could be reproduced successfully using FE simulation. Also, the temperature profiles on the cross section ( Fig.  7(b) ) show that there are few temperature gradients along the thickness direction. Since the plate is very thin (3 mm), sufficient heat could be transferred easily to the other regions.
The changes of temperature and transformed phase fraction at both the surface and the mid-thickness (marked in Fig. 7(b) ) during cooling on the ROT are shown in Figs.  8(a) and 8(b) , respectively. The result confirms that a slight difference of temperature histories occurs between the surface and mid-thickness, and the phase transformation is retarded slightly on the mid-thickness due to a relatively slower cooling rate. The temperature generally decreases during the entire cooling process, but at a certain stage (about 2-5 sec), the temperature increases due to significant heat from the phase transformation during cooling. The result illustrates that this phenomenon would occur at the plate on the ROT.
One of the purposes of this study is to understand a main factor for edge wave behavior. Generally, the edge wave is one of the most significant problems in the real manufacturing process, and has been reported mainly on the plate without edge mask at the RT. Thus, longitudinal stress (σ11) distributions on the plates with and without the edge mask are compared at the RT, as seen in Figs. 9(a) and 9(b) . Only air cooling is considered after the CT for simple calculation, ignoring the coiling process. The difference of longitudinal stress between the edge and center on the plate without an edge mask is more distinct than that with an edge mask, and the edge wave appears on the plate without the edge mask. Also, the edge wave in the plate without the edge mask agrees fairly well with the experimental data ( Fig. 9(c) ). On the other hand, the edge wave on the plate with the edge mask is not shown even if the edge wave occurs at the CT ( Fig. 7(a) ).
One of the differences between the plates with and without the edge mask is the positive or negative temperature difference between the edge and center on each plate at the CT. Figure 10 shows the temperature variations at the middle line (marked as white dotted-line in Fig. 7(a) ) on the plate (a) with and (b) without the edge mask. The αmin and αmax refer to the values at the edge of both sides on the plates with and without the edge mask, respectively. The α is linearly interpolated within the width as mentioned above. The temperature difference on the plate with the edge mask is positive, whereas that without the edge mask is negative. Also, the absolute values of the differences increase with decreasing αmin and increasing αmax, respectively.
Since the temperature difference could cause permanent strain, variations of maximum difference of equivalent plastic strain between the edge and center at the CT are computed on the plates with and without the edge mask, and these are shown in Figs. 11(a) and 11(b) with the temperature difference, respectively. For more quantitative comparisons, a maximum amplitude of the edge wave at the RT is introduced as the degree of edge wave, and it is also shown in Figs. 11(a) and 11(b), respectively. The computed result shows that the temperature difference between the edge and center regions could cause the strain gradient in the plate, leading to the edge wave at the RT. The simulated result also demonstrates that the edge mask would be very useful for decreasing the edge wave behavior at the RT. In addition, it could be confirmed that as the temperature difference increases along the positive direction, the degree of edge wave would decrease. In a real manufacturing process, the width of edge mask is one of process variables, and the effect of this variable on the edge wave is shown in Fig. 12 . The degree of edge wave decreases with increasing the width of the edge mask because the strain gradient caused by the temperature difference decreases. Thus, increasing the width of the edge mask could be one of the solutions to reduce the degree of edge wave if severe deformation due to the edge wave develops in the final product. Figure 13 shows variations of maximum difference of equivalent plastic strain between the edge and center regions at CT and the maximum degree of edge wave at RT on the plates with and without checkers under the same process conditions. As mentioned above, the simple geometry of the checkered plate seen in Fig. 6(b) is used based on the real dimensions of the checker. The heat transfer coefficients of spaces between the checkers are 1.2 times larger than the normal heat transfer coefficient considering excessive wet- Fig. 7(a) ) on the plates (a) with and (b) without the edge mask. ting during the water cooling and the subsequent processes. The value was obtained by minimizing the sum of the squared differences between the measured and computed temperature profiles shown in Fig. 14 . The result shows that the degree of edge wave on the plate with checkers is much larger than that without checkers, although the temperature difference is nearly the same. This demonstrates that nonuniform temperature distribution caused by checkers could increase the strain gradient in the plate, and consequently, it might lead to a severe edge wave on the final products. In order to confirm the validity of the developed model, the computed temperature is compared with the measured data on the checkered plate, as seen in Fig. 14. Since this case is that with the edge mask, the temperature of the edge region is higher than that of the center region. The computed results matched reasonably well with the experimental data. Also, Figs. 15(a) and 15(b) shows the changes of temperature and transformed phase fraction at both the center and the edge on the checkered plate during cooling on the ROT, respectively. The result indicates that a slight difference of transformed phase fraction histories occurs between the center and edge regions. In other words, strain gradient due to transformation plasticity during cooling would be very small, and the effect of the transformation plasticity for edge wave would be extremely limited.
Summary and Conclusion
A thermal, metallurgical, and mechanical coupling analysis for predicting edge wave behavior of hot rolled steel during ROT cooling was investigated using a three-dimensional FE model. The heat transfer, phase transformation, and deformation were considered simultaneously during the computation, and the edge wave of the hot rolled steel is reproduced successfully based on the proper thermomechanical boundary conditions. The computed results demonstrated that the strain gradient due to the temperature difference between the edge and center regions could cause the edge wave of the final product. The maximum amplitude of the edge wave was used as a parameter of the degree of the edge wave. The simulated results also showed that both increasing the width of the edge mask and removing the checkers could reduce the edge wave of the final product. Finally, the measured temperatures at the CT agreed fairly well with the predicted data, and these results show sufficient possibilities for the proposed analysis method, which can effectively predict the changes of thermo-mechanical behavior during the ROT cooling by using the developed numerical model. Note: The middle line is the same location with that marked in Fig. 7(b) .
Fig. 14.
Comparison between the calculated and measured CT profiles at the middle line on the plate with the checkers. Note: The middle line is the same location with that marked in Fig. 7(b) .
